Pregnancy and lactation make demands on maternal calcium homeostasis which may affect bone strength. Recently, changes in cancellous architecture have been described in iliac crest bone biopsies from normal pregnant women but the rarity of such human material means an animal model is essential. The microanatomy of cancellous bone was compared in uniparous and multiparous rats using undecalcified histological sections of lumbar and caudal vertebrae and also proximal femora. An automated trabecular analysis system (TAS) measured a comprehensive range of structural variables including the trabecular number, connectivity and width. In the first pregnancy cycle an early stimulation of bone formation (which quadrupled at some sites) was indicated by an increase in the skeletal uptake and spacing of double calcein labels and the immediate generation of thicker more numerous and interconnected trabeculae. A 40 % increase in cancellous bone volume was observed in the lumbar spine in comparison with age-matched virgin controls. In contrast, a rapid succession of 3 pregnancy cycles (including lactation) culminated in cancellous atrophy of 15 % at the same site, with a loss in trabecular number ranging from 20 % (caudal vertebra) to 30 % (lumbar vertebrae). In comparison, the proximal femur lost 40 % of its struts but, nevertheless, uniquely sustained its cancellous bone volume. When lactation was excluded the number of struts lost was halved although trabecular thinning then took place which was sufficient to maintain the previous 15 % deficit in bone volume. It was concluded that a single pregnancy strengthens the cancellous component of the maternal skeleton while a quick succession of pregnancies weakens it. Lactation influences the pattern of bone loss but not its amount.

During mammalian reproduction substantial amounts of calcium are transferred across the placenta and maternal mineral metabolism changes to meet expanding fetal demands. In many species calcium absorption by the gut rises due to an increase in the efficiency of the active calcium transport mechanism (Garel, 1987) , while plasma phosphate concentration falls in the third trimester in man (Pitkin, 1985) as well as rabbit (Barlet & Garel, 1974) and sheep (Garel, 1987) for reasons which probably relate to the active calcification of the fetal skeleton. Associated with these changes are reports that in a variety of animals, the maternal skeleton accumulates calcium in the first half of gestation (Goss & Schmidt, 1930 ; Heaney & Skillman, 1971 ) and increases in mass (Benzie et al. 1956 ; Miller et al. 1985) . Rats have been variously reported to store additional calcium in their bones during pregnancy (e.g. Ellinger et al. 1952) and to show no change from the nonpregnant state even before delivery at 21 d (Halloran & DeLuca, 1980) . At the same time, while there are reports of changes in bone mass during lactation in certain long-lived mammals including man (Benzie et al. 1956 ; Spencer, 1979) , the gross skeletal changes have been most extensively documented in rodents, since these shortlived mammals have large litters and are known to be skeletally responsive.
In sheep, bone resorption rises at midterm (normal pregnancy takes 140 d), at which time the rate of mineral transfer from the ewe to the fetus accelerates (Braithwaite et al. 1970) . However, in human pregnancy, opinion concerning the extent to which the maternal skeleton is affected is divided (Donaldson & Nassim, 1954 ; Nilsson, 1969 ; Smith et al. 1985 Smith et al. , 1995 Fox et al. 1993) . In a related histomorphometric study of human cancellous bone by Purdie et al. (1988) an unexpected loss of cancellous bone in early pregnancy due to increased resorption was apparently reversed by elevated bone formation in late pregnancy. This biphasic response has been supported by differences seen in biochemical markers (Black et al. 1996) . As a result of this sequence of differential matrix attrition and apposition it has recently been suggested that not only is a significant proportion of the maternal bone matrix turned over during pregnancy but also the structural character of the spongiosa is altered (Shahtaheri et al. 1999 ). This example of significant mobilisation and rearrangement of trabeculae over a relatively short time period may have implications for bone biomechanical strength during reproduction and may explain pregnancy-associated fractures. It might also provide insight into the reversal of hypogonadal osteoporosis when reproductive life has ended. Because of the invasive nature of the histological procedure and the normality of the pregnant condition, human material is rarely available. The aim of the present study is to use an animal model in which to establish the impact of pregnancy on maternal trabecular architecture. The rat has been chosen since it is readily available and is widely used in bonerelated investigations ranging from oophorectomy to space flight.
  

Study groups and specimen preparation
The rats were housed at a temperature of 19-23 mC and fed ad libitum, with light supplied from 6 a.m. to 6 p.m. They were divided into 3 groups (Table 1) composed of (1) uniparous early and late pregnancy with age-matched nulliparous controls, (2) multiparous exbreeder (including lactation) with agematched nulliparous controls and (3) multiparous exbreeder (excluding lactation) for comparison with (2). Examples of weight bearing and low weight bearing bones were removed from each animal. Study 1 : early and late pregnancy. Twenty timemated Wistar rats were divided equally for the comparison of the cancellous skeleton in early and late pregnancy. The mated animals together with virgin controls were double labelled with calcein fluorochrome marker 5 d before killing (i.e. 6 d after mating) and again 1 d before killing (i.e. 10 d after mating). Each of the 10 rats in the early pregnancy group was given a single intraperitoneal injection of calcein solution (Sigma ; 30 mg\kg body weight in 1 ml 0n15 NaCl containing 2 % NaHCO $ ) at a dose of 1 ml of solution for each rat of 250p10 g weight. The process was repeated in the 10 time-mated late pregnancy rats when the first injection was given 5 d before killing (i.e. 16 d after mating) and the second was given 1 d before killing (i.e. 20 d after mating). The labelling schedule for the virgin rats was the same as that for the early pregnancy rats. All animals were humanely killed using CO # gas. The 5th lumbar vertebrae (i.e. weight bearing) and 2nd caudal vertebrae (i.e. low-weight bearing) were dissected and the intact specimens preserved in 70 % ethanol and embedded undecalcified in methylmethacrylate (Schenk, 1965 ; Aaron, 1976) . Ten undecalcified serial sections (8 µm) were cut from each on a Jung K heavy duty microtome (Reichert-Jung, Heidelberg). Particular care was taken with the orientation of the material and depth of sectioning since a failure to compare like with like can produce misleading results especially when the bones are small and anatomically variable. In this respect the bony processes provided natural markers enabling the location of the sections collected to be matched exactly in all groups. After staining in 0n1 % toluidine blue, pH 3n5 for 60 min, 3 sections were randomly selected from each specimen and their trabecular architecture analysed by TAS (our trabecular analysis system, see below). Others a Branch points in a trabecular network ; b end points in a trabecular network or free ends ; c ratio of nodes to termini(Nd\Tm) used as an index of spatial connectivity ; d number of trabeculae ; e strut joining 2 free ends, strut joining a node and a free end, strut joining 2 nodes, strut joining a node to a cut end, strut joining a free to a cut end.
were mounted unstained for calcein fluorescence analysis of the number of labelled sites and interlabel distance at equidistant places using an eyepiece graticule and a Zeiss epifluorescence microscope according to established procedure (Recker, 1990) . Study 2 : multiple pregnancies, including lactation. Twenty-six Wistar rats consisting of 14 exbreeder rats and 12 age-matched virgin rats were assembled. The final age of the exbreeder rats which had been through 3 pregnancy cycles (including weaning and 1 wk of rest between each pregnancy) was 8 mo, reproduction commencing at 3 mo. The control virgin animals were separated from the male rats for the duration of the 3 breeding periods. Skeletal material was prepared as in (1) with the added inclusion of the femur as a prime weight bearing site exposed in this group in particular to the maximum reproductive stress. The proximal femur, because of an inherent problem pertaining to the relatively small cancellous area of interest available (Shahtaheri, 1997) was not included in the other studies (the area of the proximal spongiosa was so irregular in shape and the cortex so thick and intrusive, that 2 small windows were required for adequate analysis rather than the single large one used elsewhere). Sections were cut, stained and analysed as in study 1.
Study 3 : multiple pregnancies, excluding lactation. Ten Wistar rats 3-mo-old as above were mated on 3 successive occasions as in Study 2. As the aim was to evaluate multiparity without the lactation factor the pups were separated from their mothers at birth. The All results given as mean (p..). Significance of difference between nonpregnant age-matched virgin rats and early pregnancy group and between late and early pregnancy groups : * P 0n05, ** P 0n01, *** P 0n002, **** P 0n001. Fig. 2 . Photomicrographs illustrating section quality and the general trabecular framework of the lumbar vertebral body of (a) a virgin rat and (b) in late pregnancy showing that the spongy bone is denser and more complex in pregnancy (both early and late) than in nonpregnancyi10. rats were postpartum mated to avoid the introduction of a recovery phase and to maximise any changes. They were compared with the rats described for Study 2, although they were inevitably younger due to the rapid remating in the absence of a lactation period. The histological preparation was as for Study 1.
Image analysis
Image analysis was performed by means of our trabecular analysis system TAS developed in house for the assessment of 2-dimensional trabecular architecture using established methods and variables (Aaron et al. 1992) . Each section was placed on the stage of a low power microscope fitted with a zoom lens. After calibrating the system the image of the whole section was captured by a closed circuit television camera attached to the microscope and to a VIP image analyser (Sight Systems, Newbury, UK). The captured image was thresholded to separate the bone trabeculae from any background noise caused by the presence of stained marrow tissue. A binary image was created composed of 256i256 black and white pixels set to record bone as black and marrow space as white. The area of interest was defined to exclude the 2 cortices and areas of immature bone ( Fig. 1 ). Before automated analysis there is a facility to exclude single aberrant pixels and to edit any artifactual damage. After measurement of the intact image the binary image was automatically ' skeletonised ' or thinned to its medial axis. A comprehensive range of variables (Table 2) including the trabecular bone volume, surface, thickness, number, separation and connectivity was measured by TAS (Aaron et al. 1992) , and together with the corresponding images were printed ( Fig. 1 ) and the images stored on disc.
Statistical analysis
Results were expressed as the meanp.. or meanp.. and the statistical significance of any differences between the groups was determined using the Minitab software package and the Minitab t test throughout. Early pregnancy had a rapid positive effect on skeletal status (Table 3) indicated by a significant increase in the bone volume. Although the trabeculae appeared to thicken, the difference was not significant relative to age-matched virgin rats and wider bars were not the main reason for the greater bone volume. Instead, the increase was due to a rise in the number of trabeculae (or struts). This was supported by a rise also in the number of trabecular junctions (or nodes), resulting in an improvement in trabecular connectivity as indicated by a higher node : terminus ratio (Garrahan et al. 1986 ) and a highly significant decline in trabecular separation. As pregnancy progressed there was no further significant change in comparison with the apparent initial surge. The changes in trabecular organisation in pregnant and nonpregnant rats are shown in Figure 2 and the stylised drawing (Fig. 3 a) summarises the architectural modulation observed in relation to the pregnancy cycle. Pregnancy produced a rapid increase in the number of sites labelled with calcein (Table 4) and at the same time increased the distance measured between the bands (Fig. 4) . The results at both cortical and cancellous sites in the lumbar vertebral body are shown in Table 5 . Appositional rates rose rapidly in pregnancy and remained high throughout gestation. All sites appeared to be affected, including the epiphyseal plate region where the number of labelled sites increased (although the difference in appositional rate was not significant here). Subperiosteal apposition was particularly remarkable, increasing 4-fold. While subperiosteal and trabecular bone formation appeared to rise quickly and reached a plateau early, the haversian bone formation rate tended to rise less significantly but continuously.
Caudal vertebral body (as an example of a low weight bearing site)
The effect of pregnancy on the microanatomical variables in the caudal vertebra is shown in Table 6 . In contrast to the lumbar vertebra there was no significant difference in the bone volume between the 3 vertebrae conceals an increased trabecular separation and thickening. (Caudal trabeculae may be mobilised to consolidate lumbar trabeculae). All results given as mean (p..). Significance of difference between nonpregnant control rats and age-matched early pregnancy and between late and early pregnancy groups : * P 0n05 ; ** P 0n01, *** P 0n001. Fig. 4 . Photomicrographs showing the increase in calcein doublelabelled remodelling sites (arrowed) in the lumbar vertebra of (a) a virgin rat and (b) a rat in early pregnancy, when the double bands are more numerous, extensive and also further apart. The epiphyseal plate (EP) is included as a tissue landmark. Ultraviolet light, i100.
groups of animals. However, there were architectural changes in the cancellous bone commencing with a significant decline in the bone surface and an increase in the trabecular separation. At the same time any tissue deficit arising was apparently effectively met by a significant increase in trabecular width. The trabecular connectivity (as indicated by the node\ terminus ratio) remained unaltered. The stylised drawings (Fig. 3 b) summarise the major features. In all areas the number of calcein labelled sites rose with pregnancy as they did in the lumbar vertebrae (Table  7 ). In the virgin rats the apposition rate at lumbar and caudal sites was similar with a tendency towards slightly higher values in the lumbar vertebrae where labelled sites also tended to be greater in number. Labelled haversian systems were rare in the lumbar region and were entirely absent from the caudal region of the virgin animals. As before, pregnancy produced a rapid and substantial increase not only in the number of labelled sites but also in the mineralisation rate. This was expressed at all the cortical sites, including the previously inactive haversian canals where apposition rate increased throughout gestation. Again the subperiosteal apposition rate was particularly affected, but this time the sharp rise to a plateau contrasted with the slower progressive response through gestation at cancellous surfaces (Table  8 ). Activity at the epiphyseal plates was also stimulated by pregnancy, confirming the previous observation in the lumbar region.
Group 2 (multiple pregnancies including lactation) Lumbar vertebrae (with lactation)
The effect of multiparity on microanatomical variables in exbreeder rats which have had 3 litters including lactation periods is shown in Table 9 . In contrast to the rapidly increased trabecular bone density observed at this site during the first pregnancy the bone status of exbreeder rats was diminished. The decline in the All results given as mean (p..). Significance of difference between nonpregnant age-matched control rats and early pregnancy and between late and early pregnancy groups : * P 0n05 ; ** P 0n01, *** P 0n001. All results given as mean (p..). Significance of difference between nonpregnant age-matched control rats and early pregnancy group and between late and early pregnancy groups : * P 0n05 ; ** P 0n01. All results given as mean (p..). Significance of difference between nonpregnant age-matched control rats and between late and early pregnancy groups : * P 0n05 ; ** P 0n01. 1n45 (0n10)** 2n00 (0n40) 1n75 (0n30) Endosteal surface (µm\day) 1n40 (0n20)** 2n00 (0n20) 2n15 (0n40) Trabecular bone (µm\day) 1n18 (0n10) 1n37 (0n30) 1n66 (0n20)* All results given as mean (p..). Significance of difference between nonpregnant age-matched control rats and between late and early pregnancy groups : * P 0n05 ; ** P 0n01, *** P 0n001. All results given as mean (p..) : P values denote significance of difference between the groups (Minitab test ; ns, not significant).
bone volume was associated with a loss of trabecular bone surface and fewer trabeculae which were more widely spaced. Connectivity in terms of the node : terminus ratio was also poorer, although not significantly so, despite a significant decrease in the number of nodes. The trabecular width was apparently unchanged at the end of reproductive life and also varied little with age in the 2 groups of nulliparous control animals (aged 11-12 wk cf 30-32 wk). The modulation in the trabecular architecture is summarised in Figure 5 a.
Caudal vertebrae (with lactation)
The effect of multiparity including lactation on the trabecular microanatomy of the caudal vertebrae is shown in Table 10 . As before the caudal vertebrae tended to be denser than the lumbar vertebrae. The differences in response observed between the weight bearing and low-weight bearing sites during a first pregnancy (whereby the bone volume and strut number increased in the former but not in the latter) did not appear to alter a longer term decline in the bone volume at both sites when pregnancies were repeated. As in the lumbar vertebrae the bone surface, strut number and trabecular connectivity declined, while the trabecular separation increased. At neither site was the trabecular width significantly affected. The main microanatomical modulations are summarised in the stylised diagram in Figure 5 a.
Proximal femur (with lactation ; as an example of a weight bearing site in the appendicular skeleton)
The result of multipregnancies (with lactation) at the proximal femur (which was examined in this group alone) is shown in Table 11 . The trabecular bone volume at this site tended to be greater than that at the lumbar or caudal sites and reproduction did not affect it. However, there were differences in the trabecular architecture. As in the vertebral bodies there was evidence of a loss of trabecular bone surface and total trabecular length, together with a decline in the trabecular number and connectivity. Despite all these highly significant changes the bone volume was nevertheless maintained in the femur (in contrast to the spine). By deduction this could only have been achieved by a rise in the trabecular width. The stylised diagram (Fig. 5 b) summarises the modulation of the trabecular architecture in the proximal femur of exbreeder rats.
Group 3 (multiple pregnancies excluding lactation) Lumbar vertebrae (without lactation)
The decline in the bone volume was similar to that in the multiparous animals which had lactated (Table  12 ) and the architectural trends remained broadly the same ; this was an unexpected finding. As before, trabeculae were lost, connectivity declined and trabecular separation increased. The difference, however, tended to be only about 50 % of the change in the animals that had lactated. Contributing to the remaining bone loss and not apparent in the lactating group was a tendency for the trabecular width to decline (a trend which failed to reach significance at this site, although it did for caudal vertebrae ; see below). The architectural modulations are summarised in the stylised diagram in Figure 6 .
Caudal vertebrae (without lactation)
Despite the absence of lactation a decline in the trabecular bone volume persisted with multiparity (Table  13) . However, while the decline in the trabecular number and bone surface was apparent as in the lactation group, it failed to reach significance although the trabecular separation was raised and trabecular connectivity was poor. Contributing to the diminished bone volume was the added factor of a significant decline in the trabecular width, supporting a similar trend observed at the lumbar vertebral site and not apparent in the animals which had lactated. The stylised diagram (Fig. 6) summarises the architectural modulations.

The augmentation of cancellous bone described above during a first mammalian pregnancy supports earlier reports of calcium accretion in excess of fetal need (Goss & Schmidt, 1930 ; Spray, 1950) . Associated with this may be increased circulating levels of 1,25-dihydroxyvitamin D and intestinal hyperabsorption of calcium (Garel et al. 1981) while plasma calcium and phosphate, as well as their total body pool size, can be regulated by urinary excretion (Gertner et al. 1986 ). However, more striking than the change in cancellous bone mass in the rat were the modulations in the trabecular architecture, confirming recent indications in human material (Shahtaheri, 1997 ; Shahtaheri et al. 1999) . Change commenced in early pregnancy when a rapid rise in bone formation was combined with the generation of additional trabeculae in the lumbar spine (Table 3 ). An explanation for the mechanism whereby new trabeculae are stimulated in the adult skeleton is essential. This could not be described as ' budding ' as recorded in the aluminiuminduced neo-osteogenesis of woven bone by Quarles et al. (1990) when bony protuberances appeared on the original trabecular framework. On the other hand, the histological evidence did indicate increasing trabecular width and also the appearance of intratrabecular resorption cavities (not measured). This is reminiscent of the transformation previously reported of a thickened architectural arrangement of cancellous bone by the development and expansion of intratrabecular resorption channels to create a new trabecular framework (Aaron et al. 1992 ; Aaron & Skerry, 1994) . Trabecular generation in pregnancy may be the outcome of a similar pattern of trabecular lumbar vertebrae is entirely due to a decline in the trabecular number ; the caudal vertebrae are similarly affected. (c) The stable bone volume at the femur conceals a loss of trabeculae and connectivity, apparently balanced by trabecular thickening. (NNd) 119n80 (22n50) 86n40 (20n80) 0n0011 Terminus number (NTm) 53n40 (12n70) 61n20 (22n20) ns Node terminus ratio (Nd : Tm) 2n36 (0n78) 1n60 (0n79) 0n0270 Total strut number (Tb No) 227n30 (28n80) 180n60 (36n00) 0n0013 Total strut length (total ; mm) 59n04 (3n91) 51n01 (6n50) 0n0009
All results given as mean (p..) : P values denote significance of difference between the groups (Minitab test ; ns, not significant). Exbreeder rats (n l 14) P
39n10 (14n30) 28n89 (8n14) 0n0440 Node terminus ratio (Nd : Tm) 3n00 (1n71) 1n15 (0n60) 0n0031 Total strut number (Tb No) 257n60 (47n50) 150n20 (74n00) 0n0002 Total strut length (total ; mm) 61n82 (7n67) 43n49 (8n95) 0n0001
All results given as mean (p..) : P values denote significance of difference between the groups (Minitab test ; ns, not significant). hypertrophy followed by intratrabecular resorption as illustrated in Figure 7 a. At the same time, the generation of new trabeculae commencing in early pregnancy may provide insight into a morphological route towards the restitution of the aged, atrophic and fracture-prone skeleton when reproductive life has ended and trabecular loss seems irreversible. While it might be argued that adult rats, unlike man, continue to grow, the improved connectivity was not confined to the growth plate region but was apparently systemic. Moreover, the increased trabeculation confirms the same observation made in human material (Shahtaheri, 1997 ; Shahtaheri et al. 1999) where the growth plates had long since closed. To provide a sound histological basis for the increase in lumbar cancellous bone volume (from 31 % to 43 %) requires a more comprehensive histomorphometric analysis, including resorption which was outside the present remit. However, a systemic rise in the appositional rate using double labels, was apparently partly instrumental in the architectural changes during pregnancy and occurred at all cancellous and cortical surfaces, as well as at the epiphyseal plate. This latter is in accord with changes observed in endochondral growth rates during pregnancy reported by others (Redd et al. 1984) . Similarly Miller et al. (1985) found a significant increase in dentine appositional rate during pregnancy. In seeking to establish the endocrine basis of these coherent rises it has been reported that growth hormone levels remain unchanged or may be decreased during pregnancy (Yen et al. 1970) . Again, although parathyroid hormone has been reported to rise during pregnancy (Drake et al. 1979) , new and improved assays have found it unchanged in some species while PTHrp apparently increases (Bertelloni et al. 1994) .
In sheep this hormone is produced by the placenta and fetal parathyroid glands and causes calcium to be pumped up a calcium gradient from the mother to the fetus, such that lambs deficient in PTHrp are skeletally retarded and ricketic (Aaron et al. 1989) . Another significant placental hormone, placental lactogen, reaches its peak during the second week of pregnancy in rats (Tonkowicz & Voogt, 1983) and together with raised somatomedin (Hurley et al. 1977 ) may stimulate bone formation (Canalis et al. 1977) . Both these hormones decrease abruptly at parturition, as does also 1,25-hydroxyvitamin D (Pike et al. 1979 ). In addition there are marked changes in the gonadal hormones such that progesterone, oestrogen and testosterone all rise during pregnancy (Bammann et al. 1980) . The effect of endogenous oestrogens and androgens on skeletal growth are documented during puberty (Krabbe et al. 1979 ) and a large literature concerns hypogonadal osteoporosis in both sexes where their deficiency is characterised by trabecular loss and discontinuity, i.e. the obverse of the outcome of the single pregnancy cycle characterised here. Whatever the humoral factors, at the end of gestation (Right) The trabeculae are subject to generalised thinning, probably due to a deficiency in osteoblastic formation, to the extent that connections become tenuous and eventually disappear, as seems to be the case without lactation.
a more complex and continuous cancellous framework was in place than was present in virgin rats, possibly to counter increased load and to facilitate mineral mobilisation in maternal\neonate exchange during the subsequent lactation period. In contrast to the positive skeletal effects of a single pregnancy, multiparity (with lactation) caused a significant loss of cancellous bone volume and bone surface, together with other architectural changes such as trabecular connectivity which was less, and trabecular separation which was more (Fig. 7 b) . It has been suggested that the strain placed by pregnancy and lactation on the mineral balance of the maternal skeleton may be controlled if calcium is fed to the animals in adequate amounts (Goss & Schmidt, 1930 ; Spray, 1950) . The animals above were fed ad libitum a balanced preparatory diet recommended for caged rats, with a calcium content of 0n88 % and they should not have been calcium-deficient according to established animal husbandry practice. In a study by Wong et al. (1980) using a calcium-deficient diet in which the calcium content of the feed was reduced to 0n04 % the rats lost a significant amount of bone during the experimental period (see also Bawden & McIver, 1964) . Similarly Ellinger et al. (1952) , who studied the effect of 3 successive pregnancy and lactation cycles in rats on calcium-deficient diets, observed that the animals had a moderate loss of bone during the first pregnancy followed by a severe loss during the lactation period that was apparently independent of dietary calcium (Blanusa et al. 1971 ; Rasmussen, 1977 ; Brommage & DeLuca, 1985) . They also found that 37 % of the bone loss was replaced during the next gestation period. The reversal after weaning may therefore represent a remodelling transient such as that described in the skeleton of deer at the time of antler formation (Banks et al. 1968) . As well as calcium, another vital nutritional factor throughout the reproductive cycle is vitamin D. There were no signs in the present study of insufficient vitamin D (wide osteoid borders and growth plates ; Miller et al. 1982) . On the contrary, the fluorochromelabelled calcification fronts were well-defined, numerous and discrete unlike those characteristic of rickets and osteomalacia which are diffuse and discontinuous or absent. However, the activation of resorption in early lactation apparently correlates with increased circulating PTHrp (Miller et al. 1991) . PTHrp has been immunolocalised in the smooth muscle of the inguinal artery and it increases mammary blood flow in the ewe (Davicco et al. 1993) and is found in milk (Budayr et al. 1989 ). In the rat, PTHrp mRNA is stimulated in mammary tissue by a suckling-induced increase in plasma prolactin (Thiede 1989) , a calcitropic hormone that may directly stimulate osteoclastic resorption and trabecular mobilisation.
Overall, the caudal vertebrae were apparently less affected than the lumbar vertebrae by pregnancy with changes in trabecular width more than number being the feature. Their relatively simple framework of thickened trabeculae may represent a stored source of calcium phosphate for the lactation period. This is supported by the significant effect of multiparity at this site with respect to the decline in the node : terminus ratio as an index of trabecular continuity. This may suggest the removal of the more biomechanically expendable regions of the skeleton first. However, structurally important sites such as the femoral neck were also affected by multiparity although the loss of trabecular continuity was compensated in part by the increased compressive strength of the remaining wider trabeculae that (by deduction) apparently sustained the substantial cancellous bone volume.
While the effect of the first pregnancy was positive and bone formation was increased the effect of subsequent postpartum matings (i.e. without rest between each pregnancy and without lactation) apparently placed continuing stress on the mineral reservoir. This was characterised at all sites by trabecular thinning (Fig. 7 b) which is most commonly due to inadequate osteoblastic formation (Aaron et al. 1987) . The lactating animals, in contrast, did have the benefit of a brief respite after each lactation and weaning period and although this was short it may have enabled some skeletal restoration. At the same time, compensatory mechanisms may help protect maternal bone during lactation and conserve and prepare it for the next pregnancy, benefits that will be denied the nonlactating animals. Factors that may help protect the maternal bone during lactation include raised calcitonin (Hirsch & Hagaman, 1986) that inhibits osteoclastic resorption and stimulates osteoblastic formation, and increased 1,25-dihydroxy vitamin D (as in pregnancy) and PTH which increase renal reabsorption of calcium (Fournier & Susbiele, 1952) . However, the exbreeder rats were skeletally disadvantaged irrespective of whether or not they had lactated.
Finally, there are similarities in the positive changes induced in the cancellous skeleton of the rat during a single pregnancy with those recently observed in man (Shahtaheri, 1997 ; Shahtaheri et al. 1999) . In both, the maternal skeleton responds by the proliferation of new sites of bone formation and a more complex spongiosa is the outcome, suggesting that the rat is a good model of human pregnancy. However, there is also apparently a difference between the 2 concerning resorption that requires to be resolved. In contrast with an initial phase of increased resorption and bone loss that is a feature of early human pregnancy no such phase was apparent in the rat. Instead, there was a rapid rise in bone formation which continued throughout gestation with no evidence of a preliminary loss of tissue. It is possible that an immediate resorption phase had occurred earlier (i.e. within hours of conception) than the present sampling process (10 d after mating) and that the event had passed by the time the early pregnancy animals were examined.
In conclusion, even without lactation multiparity seems to reverse the positive effects of a first pregnancy with evidence of trabecular thinning compounding trabecular disconnection particularly at low-weight bearing locations, while strategic sites such as the femoral neck are sustained. The diversity of structural change observed, albeit often modest, may illustrate the inadequacy of bone mass measurements alone as an index of skeletal status in mammalian reproduction and elsewhere. At the same time, the inherent capacity for trabecular augmentation illustrated in consequence of a single pregnancy cycle confirms a similar event in man and may have implications for the restitution of the intractable osteopenia of ageing.
